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Abstract 
An urgent task is the development of new resource-saving technolo-
gies for deep processing of wastes from the hydrometallurgical in-
dustry for the purpose of their reuse. Membrane technologies make 
it possible to create closed technological cycles with the reuse of re-
covered components in production, which allows solving many envi-
ronmental problems. At the Abinsk Electric Steel Works Ltd. (Rus-
sia), during the production of copper-coated steel wire, a large 
amount of waste containing sulfuric acid and heavy metal salts is 
generated. The chemical treatment of such effluents with slaked lime 
and alkali produces a large amount of sludge, which causes environ-
mental problems and leads to the irreversible loss of sulfuric acid. 
The problem of separating acids and salts can be solved using diffu-
sion dialysis through anion-exchange membranes, however, to return 
the acid to the production cycle, the purified acid must be additional-
ly concentrated. In this work, we studied the process of electrodialy-
sis concentration of sulfuric acid using heterogeneous ion-exchange 
membranes Ralex® CMHPP and Ralex® AMHPP (manufactured by 
MEGA a.s., Czech Republic) which have a polypropylene reinforcing 
mesh resistant to acids. The main parameters of the electrodialysis 
concentration process have been determined – the dependence of the 
concentration of the regenerated sulfuric acid on the concentration 
at the inlet to the electrodialysis cell and on the current density, as 
well as the energy consumption for the process. It is shown that with 
the help of electrodialysis concentration it is possible to obtain sulfu-
ric acid with a concentration of up to 180 g/L, which makes it possi-
ble to return it to the production cycle. 
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1. Introduction 
One of the urgent tasks of the industry is the development 
of new resource-saving technologies for the deep pro-
cessing of wastes from the metallurgical industry for the 
purpose of their reuse. The key task in solving the problem 
of protecting the environment and creating closed techno-
logical cycles is the development of effective methods for 
separating technological mixtures into components and 
further concentrating the resulting solutions. 
Typical waste products from the hydrometallurgical 
industry are acidic effluents containing heavy metal salts. 
Currently, industrial wastewater treatment is most often 
performed using chemical precipitation methods. This 
method is relatively cheap and undemanding from a tech-
nological point of view. Purification of acidic effluents is 
carried out by adding slaked lime, sodium hydroxide and 
soda, followed by the separation of precipitation [1]. How-
ever, this cleaning method has a lot of disadvantages – 
precipitated substances can dissolve after their disposal, 
which leads to secondary pollution of the environment. It 
is also negative that the amount of sludge formed signifi-
cantly exceeds the amount of contamination in waste wa-
ter, and acids are irretrievably lost as a result of the neu-
tralization reaction. 
The problem of disposal of the resulting acidic waste 
can be solved using membrane methods, which are cur-
rently widely used for purification, separation and concen-
tration of technological solutions and gas mixtures. They 
allow you to create environmentally friendly, waste-free, 
energy-saving technological processes that can be easily 
automated, facilitating the solution of many social and 
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environmental problems. The number of scientific publica-
tions on this topic has increased significantly in recent 
years [2]. Also, in recent time, the number of industries 
using electrodialysis technologies has grown significantly 
[3]. Most often, for processing solutions containing ionic 
impurities, the method of electrodialysis with ion-
exchange membranes is used. If it is necessary to concen-
trate impurities in a small volume, and electrodialysis is 
preferred among all membrane methods, because allows 
to obtain solutions with high concentrations, which cannot 
be achieved using baromembrane technologies. 
Membrane technologies for processing solutions are 
environmentally friendly and efficient and allow solving 
such problems as the creation of closed technological cy-
cles, as well as the return of valuable components to pro-
duction, which reduces the environmental burden of pro-
duction on the environment [4, 5]. Therefore, it is urgent 
to increase the efficiency of membrane technologies. Elec-
trodialysis allows to desalt and concentrate various tech-
nological solutions and wastewater which containing elec-
trolytes [6]. Electrodialysis with bipolar membranes [7-9] 
or its combination with ion exchange [10] is often used to 
recover acids or heavy metal salts. A combination of ion 
exchange with classical electrodialysis is also used to re-
cover sulfuric acid from wastewater generated during the 
processing of chalcopyrite [11]. In addition, electrodialysis 
and metathesis electrodialysis are used to recover organic 
acids [12]. However, the problem of separation of mixed 
solutions of electrolytes is still urgent. Despite the fact 
that in recent years there has been a large number of 
works devoted to imparting specific selectivity to mem-
branes in the processes of electromembrane separation, 
the separation coefficients of ions of the same charge sign 
on such membranes have low values or membranes are 
experimental laboratory samples [13-16]. In addition, at 
current densities above the limiting value, the selectivity 
of such membranes is significantly reduced, which reduces 
the practical significance of the application of such pro-
cesses in industry [17].  
In this regard, a promising method for the separation 
of ternary electrolytes is the diffusion dialysis using ion-
exchange membranes, since it does not require high ener-
gy costs for its implementation. This separation method 
can have several advantages over electrodialysis. One can 
expect high efficiency of separation of acids and salts in 
the case of using anion-exchange membranes due to the 
extremely high mobility of hydrogen ions, which as a co-
ion will determine the rate of diffusion transfer [18-20]. 
Such processes will be in demand for the processing of 
spent galvanic solutions, as well as in hydrometallurgical 
processes. In addition, diffusion dialysis has a number of 
advantages over electrodialysis – low energy consumption, 
simplicity of instrumental design, and the use of mem-
branes of the same polarity [21]. In work [22], diffusion 
dialysis, electrodialysis, and electrodialysis were com-
pared with bipolar membranes for the recovery of sulfuric 
acid and tetrabutylammonium. Despite the fact that bipo-
lar electrodialysis requires significantly fewer membranes 
than diffusion dialysis, the costs of bipolar electrodialysis 
are very high due to the high cost of bipolar membranes 
and significant electricity consumption. Also, electrodialy-
sis with ion-exchange membranes is used for processing 
organo-mineral mixtures [23]. To increase the efficiency 
of electrodialysis processing of acidic solutions, ion-
exchange membranes with various modifiers are used. 
Thus, the use of polyaniline for the modification of cation-
exchange membranes reduces the current efficiency and 
reduces energy consumption in the process of electrodial-
ysis processing of sulfuric acid solutions [24]. 
The process of concentrating sulfuric acid with elec-
trodes made of various materials was studied in [25]. It is 
shown that the graphite anode is stable at low current 
densities and provides a high current efficiency; however, 
at high current densities, the anode was destroyed. For the 
concentration of acids, it is preferable to use titanium 
electrodes coated with ruthenium dioxide or platinum. The 
use of rhodium-plated titanium electrodes in the process 
of HI concentration in the sulfur-iodine thermochemical 
cycle has also proven itself well [26].  
At the Abinsk Electric Steel Works Ltd., during the pro-
duction of copper-coated steel wire, electrochemical depo-
sition of copper from a sulfuric acid solution is used, while 
the solution is contaminated with iron sulfate. With an 
increase in the concentration of iron (II) in the electrolyte 
above 50 g/L, the quality of the copper coating deterio-
rates and this electrolyte is replaced. In this case, it is 
necessary to dispose of a large amount of a solution con-
taining 150 g/L H2SO4 and 20 g/L Cu
2+ and 50 g/L Fe2+. 
To create a closed technological cycle, it is necessary to 
separate sulfuric acid from metal salts and return it to 
production. Electrodialysis with standard ion-exchange 
membranes is unable to solve this problem due to the low 
separation factor of various electrolytes. High separation 
coefficients of metal sulfates and sulfuric acid are ob-
served during diffusion dialysis through anion exchange 
membranes. However, there are a set of problems when 
dialysis is used to process such solutions. When carrying 
out dialysis in a countercurrent mode of circulation of so-
lutions with a low flow rate, it is possible to recover sulfu-
ric acid with a sufficiently high concentration of 60-70% 
of the original. A significant disadvantage is that with such 
a hydraulic mode, a low concentration gradient is main-
tained over the entire length of the dialysis machine. This 
leads to the need to increase the number of expensive ani-
on-exchange membranes several times. When carrying out 
dialysis in distilled water with its frequent replacement, it 
is possible to intensify the process by maintaining a high 
concentration gradient. This leads to a decrease in the 
amount of required anion-exchange membranes, but the 
volume of regenerated acid is several times greater than 
that of the original solution. The acid thus obtained has a 
low concentration and is not suitable for reuse in the elec-
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trolytic copper refining. The use of electrodialysis concen-
tration can increase the acid concentration to the desired 
level. 
In this work, the process of electrodialysis concentra-
tion of sulfuric acid for its return to the production cycle 
was studied. 
2. Experimental 
The process of electrodialysis concentration of sulfuric 
acid was performed on a laboratory cell consisting of al-
ternating 5 cation-exchange and 5 anion-exchange mem-
branes with a working area of 5×20 cm2, the gap between 
the membranes was 0.1 cm. The volumetric flow rate 
through the desalination path was 8.6 L/h (linear velocity 
0.013 m/s). The concentration chambers were made with-
out circulation of solution, which makes it possible to in-
crease the concentration of the recovered sulfuric acid. 
Heterogeneous electrodialysis membranes Ralex® CMH-PP 
were used as the cation exchange membrane, and Ralex® 
AMH-PP as the anion exchange membrane (MEGA a.s., 
Czech Republic). This membranes was chosen because it is 
reinforced with an acid-resistant polypropylene mesh. 
Membranes MK-40 and MA-41, produced by LLC “Innova-
tive Enterprise Shchekinoazot”, Tula Region, Russia are 
reinforced with capron, which is unstable in acidic solu-
tions. The appearance of the electrodialysis cell is shown 
in Fig. 1a, the schematic drawing of the membrane pack-
age is shown in Fig. 1b. The concentration process was 
carried out in a potentiostatic mode at a voltage drop of 1-
6 V to the pair chamber, the acid concentration at the inlet 
was varied from 1 to 10 g/L. The resulting concentrate was 
collected 1 time per hour, and the acid concentration was 
determined by acid-base titration. The concentration 
chambers of the cell are filled due to the transfer of hydra-
tion water together with ions, as well as due to the osmot-
ic and electroosmotic transfer of water. Dotted arrows in 
Fig. 1b show non-selective proton leakage through the ani-
on-exchange membrane, which makes it difficult to obtain 
a high concentration of acid. 
 
Fig. 1 The view of the electrodialysis cell (a) and the schematic 
drawing of the membrane package (b). C – cation exchange mem-
brane, A – anion exchange membrane,  
CC – concentration chamber, DC – desalination chamber 
3. Results and Discussion 
Fig. 2 shows the dependence of the volume of H2SO4 con-
centrate (Vk) flowing out from the concentration chamber 
on the current density. All points fall on one curve, despite 
the fact that in different experiments the acid concentra-
tion at the inlet to the apparatus varied from 1 to 10 g/L. 
Fig. 3 shows the dependence of the concentration of 
sulfuric acid in the concentrate (Ck) on the voltage drop on 
the electrodialysis cell. The inlet concentration varied 
from 1.0 g/L to 10 g/L. Analysis of Fig. 3 allows us to con-
clude that increasing the inlet acid concentration signifi-
cantly affects the concentration of the resulting concen-
trate. In Fig. 4, the same data are plotted not from voltage 
drop, but from current density and all experimental points 
can be fitted by one curve. Thus, an increase in the acid 
concentration at the inlet of the electrodialysis cell in-
creases the electrical conductivity of the desalting cham-
bers, which leads to an increase in the current density and 
increases the concentration of sulfuric acid. Based on the 
experiments performed, the energy consumption for the 
concentration of sulfuric acid was determined and are 
shown in Table 1. The data are given for various acid con-
centrations at the inlet to the apparatus (Cin) and voltage 
drop across the cell (U). Analysis of the data in Table 1 
allows us to conclude that when the voltage drop on the 
electrodialysis cell increases, the energy consumption for  
 
Fig. 2 Dependence of the volume of the formed sulfuric acid  
concentrate on the current density 
 
Fig. 3 Dependence of the concentration of recovered sulfuric acid 
on the voltage at the electrodialysis cell (the numbers in the leg-
end show the concentration of sulfuric acid at the inlet to the 
apparatus, g/L)  
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Fig. 4 Dependence of the concentration of sulfuric acid in the  
concentrate on the current density on the apparatus 
Table 1 Energy consumption (W·h/mol) for the process of concen-
tration of the sulfuric acid 
Сin, g/L 
U, V 
5 10 15 20 25 
1.0 548 810 – 2006 2940 
1.8 – 565 – 1429 1794 
2.5 – 458 – 867 1258 
5.0  429 680 1083 – 
10.0 219 449 616 – – 
the sulfuric acid concentration process decreases. It 
should be noted that when the salts are concentrated, 
energy consumption usually increases with increasing 
voltage. 
The anomalous dependence for sulfuric acid appears to 
be related to proton leakage through the anion exchange 
membranes (Fig. 1b), as well as acid loss by diffusion. 
Therefore, when the voltage is increased, due to the fact 
that the time required for the transfer of 1 mole of sulfuric 
acid is reduced, the energy consumption also decreases. 
The maximum possible voltage drop (and current density) 
is limited by the ohmic heating of the solution and the 
electrodialysis cell. 
Since the concentration chambers are non-flowing, the 
composition of the solution in them is determined by the 
transfer of ions and water through cation and anion ex-
change membranes. The electrolyte and water flows can 
be described by the equations: 








where 𝑗e is the electrolyte flow; 𝑗w is the water flow; 
𝑃s = 𝑃s
a + 𝑃s
k, 𝑃w = 𝑃𝑤
a + 𝑃𝑤
k are the diffusion and osmotic 
permeability of the membrane pair, respectively; ℎ – salt 
hydration number, ℎ – current efficiency. 
These equations can be linearized by dividing by 



















where 𝑡𝑤 = ℎ𝜂 – water transport number. 










, m/s 𝑡w, mol(H2O)/F 
14 1.38 1.78 1.15 
The data obtained were processed using the method of 













made it possible to determine the characteristics of the 
membrane pair. 
Analysis of the data in Table 2 shows that the current 
efficiency values are low due to the proton leakage 
through the anion-exchange membrane and the high diffu-
sion rate of acid from the concentration chamber to the 
desalination chamber. The calculated water transfer num-
ber is significantly lower than observed during salt con-
centration, which is caused to the relay-race mechanism of 
proton transfer. 
4. Conclusions 
Thus, the process of electrodialysis concentration of sulfu-
ric acid has been studied using heterogeneous electrodial-
ysis membranes Ralex
®
 CMH-PP and Ralex
®
 AMH-PP 
(MEGA a.s., Czech Republic) and it has been shown that it 
is possible to obtain a concentrate of up to 180 g/L, which 
makes it possible to use this acid in the production of cop-
per-coated steel wire. The process of concentrating sulfu-
ric acid must be carried out at the highest possible current 
density, because this reduces energy consumption, in-
creases the concentration of regenerated sulfuric acid and 
reduces the required amount of membranes. The diffusion 
and osmotic permeability of the studied membranes have 
been determined, which will make it possible to predict 
the characteristics of industrial electrodialysis plants. The 
use of hybrid membrane technology, which includes dialy-
sis separation of acids and salts and electrodialysis acid 
concentration, will allow it to be reused in the production 
cycle. 
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